In addition to specific changes in cis and trans regulatory elements, structural changes in the genome are hypothesized to underlie a large number of differences in gene expression between species. Accordingly, we show that species-specific segmental duplications are enriched with genes that are differentially expressed between humans and chimpanzees.
Changes in gene regulation have likely played an important role in evolution, including in primates (BRITTEN and DAVIDSON 1971; CARROLL 2008; CARROLL et al. 2001; CRESKO et al. 2004; GILAD et al. 2006b; KING and WILSON 1975) . In addition to changes in cis and trans regulatory elements, a possible mechanism that might explain differences in gene regulation between species may be structural changes in the genome, such as chromosomal rearrangements, segmental duplications, and copy number variation (e.g., (FORCE et al. 2005; HABERER et al. 2004; HUMINIECKI and WOLFE 2004; TEICHMANN and BABU 2004) . In primates, some measure of support for this idea was found in the observation that human-specific large-scale chromosomal rearrangements are slightly, but significantly, enriched with genes that are differentially expressed between humans and chimpanzees (BLEKHMAN et al. 2008; KHAITOVICH et al. 2004) .
In this context, it is interesting to investigate the contribution of smaller-scale structural genomic differences, such as segmental duplications (BAILEY et al. 2002; SHE et al. 2006) , to differences in gene expression between humans and chimpanzees. Previous microarray studies reported that duplicated genes, in either human or chimpanzee, tend to be highly expressed in the species in which the duplication has occurred (CHENG et al. 2005; KHAITOVICH et al. 2004 ). This observation probably reflects the fact that, unless specific measures are taken, duplicated genes are expected to cross-hybridize to the same probes and therefore their expression level may appear elevated. In that sense, previous observations cannot exclude a technical rather than a biological explanation for the enrichment of differentially expressed genes in segmental duplications. Moreover, previous studies used multi-species expression data that was collected using a single-species array. As a result, previous estimates of gene expression differences between species may be confounded by the effect of sequence mismatches on hybridization intensity (GILAD et al. 2006a; GILAD et al. 2005; SARTOR et al. 2006) .
To study the effect of segmental duplications on the evolution of gene regulation in human and chimpanzee, we used previously published gene expression data from a genome-wide multi-species array (BLEKHMAN et al. 2008) . Gene expression data was collected for 18,109 genes, from three tissues (liver, kidney, and heart), using 18 samples from each species. Genes that are differentially expressed between species were identified using likelihood ratio tests in the framework of nested mixed linear models (BLEKHMAN et al. 2008) .
Using a dataset of human and chimpanzee segmental duplications, we identified genes located within segmental duplications in one or both species (see supplemental methods and supplemental Figure 1 ). Our approach was to compare estimates of inter-species gene expression differences between genes that are not associated with any duplication and genes within a segmental duplication in one or both species. Using this approach, we found that species-specific segmental duplications are enriched with genes that are differentially expressed between species, regardless of the tissue (P = 2.4×10 -3 ; P = 0.057; P = 5×10 -4 in liver, kidney, and heart, respectively; by a permutation test on the medians -see supplemental methods and Figure 1A ).
Moreover, genes that are within species-specific segmental duplications (i.e., the duplicated genes) show significantly higher absolute fold difference in expression level between human and chimpanzee compared with genes that are not associated with duplications (P < 10 -3 in all tissues; Figure 1B ).
A possible explanation for the observation that species-specific segmental duplications are enriched with genes that are differentially expressed between humans and chimpanzees is cross hybridization. For example, if there are more copies of gene A in the human genome compared to the chimpanzee genome (i.e., gene A is within a human-specific duplication), one might expect mRNA transcribed from all copies of gene A to cross hybridize to the same probeset on the array, resulting in apparent elevated expression level of gene A in humans compared with chimpanzees.
While increased dosage is an intuitive mechanism by which duplications affect gene regulation, we also wanted to address the possibility that duplications may affect gene regulation independently of simple dosage effects -perhaps due to changes in the proximal regulatory elements that affect the expression of duplicated genes. To do so, we looked for evidence of cross hybridization by plotting the difference between the values of e HC = μ h − μ c (i.e., the difference in log expression level between humans and chimpanzees) across the three categories of genes mentioned above. If cross hybridization underlies most inter-species differences in expression for genes within species-specific segmental duplication, one would expect genes within human-specific duplications to have e HC >0, and genes within chimpanzee-specific duplications to have e HC <0.
Importantly, we do not find a trend towards elevated expression levels for genes within species-specific duplications. The proportions of genes with elevated expression level in the species with the duplication are 0.49, 0.48, and 0.49, for genes in liver, kidney, and heart, respectively (supplemental Figure 2) . We note that some genes within duplications are mapped to regions that are also variable in copy number between individuals. Thus, such genes may not in fact be duplicated in the individuals considered in this study and therefore would not be expected to show elevated expression level in the species with the annotated duplication.
However, our observations are virtually unchanged when we exclude genes within segmental duplication that are known to overlap copy number variable regions in humans and chimpanzees (PERRY et al. 2008 ) (supplemental figures 6-8).
Thus, cross hybridization is unlikely to explain the observed association between speciesspecific segmental duplications and inter-species gene expression differences. In other words, our observations cannot be explained by a simple dosage effect as a result of gene duplications.
Instead, it is reasonable to assume that orthologous genes within species-specific duplications are regulated by a different set of elements, as their proximal genomic environment has changed (CONRAD and ANTONARAKIS 2007; FORCE et al. 2005; HABERER et al. 2004 ). In such cases, duplications may have resulted in the introduction of proximal enhancers, repressors, or boundary regulatory elements, which can result in a shift of expression level in both directions.
Next we wanted to assess the contribution of segmental duplications to the overall differences in gene regulation between humans and chimpanzees. To do so, we calculated the proportion of genes within species-specific duplications among genes that are differentially expressed between the species. Because such a comparison depends on the statistical cutoff chosen to classify genes as differentially expressed, we examined a wide range of possible cutoffs. Interestingly, regardless of the cutoff chosen (in all tissues), the proportion of genes in segmental duplications is always higher for genes that are classified as differentially expressed between humans and chimpanzees compared with genes that are classified as not differentially expressed between the species (Figure 2) . Moreover, the proportion of genes within speciesspecific duplications is higher when more stringent statistical cutoffs are used to classify genes as differentially expressed between the species. Thus, our analysis suggests that segmental duplications might explain as least 2%, but perhaps as much as 8%, of differences in gene expression between humans and chimpanzees (in the three adult tissues studied here; Figure 2 and supplemental Figures 3 and 4) .
Finally, we examined the known functions of genes within species-specific segmental duplication (see Supplemental methods). We found that human-specific duplication are somewhat enriched with transcription factors and genes in metabolic pathways compared with chimpanzee-specific duplications (supplemental Table 1 ). This enrichment becomes much more pronounced when we also condition on observing a difference in gene expression levels between the species. Indeed, transcription factors and genes in metabolic pathways are the top GO categories that are overrepresented among genes that are differentially expressed between the species and are within human-specific duplications (supplemental Table 2 ). This result is consistent with our previous observations of over-representation of transcription factors and metabolic genes among genes whose regulation likely evolves under directional selection exclusively in humans (BLEKHMAN et al. 2008; GILAD et al. 2006b ) -although, importantly, the genes that underlie the two observations are not the same.
In summary, our results provide support for a role of segmental duplications in shaping the evolution of gene regulation. Further, our observations suggest that genes within speciesspecific duplications are more likely to have either reduced or elevated expression levels compared with genes not associated with duplications. A possible explanation may be that the expression level of genes within species-specific segmental duplications are affected by different proximal cis regulatory elements compared with orthologous genes in their original genomic location.
FIGURE LEGENDS FIGURE 1
Expression divergence is associated with segmental duplications. A. Medians of the likelihood ratio values for testing differential expression between human and chimpanzee. Black: 11,822 genes not associated with duplications (--). Blue: 1,715 genes associated with duplications in both species (HC). Red: 3,084 genes associated with either human-specific (H-) or chimpanzeespecific (-C) duplications. The error bars are 95% confidence intervals calculated using bootstrapping (1000 repetitions). See supplemental methods for more information on the statistical analyses. B. Box plots of estimates of absolute log fold change in gene expression between the species for liver, kidney, and heart. These estimates were generated using linear models for each species (see supplemental methods); the difference in expression level was estimated as |e HC | = |μ h − μ c |, which is the absolute value of the difference between the log expression level estimates of humans and chimpanzees. The difference between the two distributions is significant in all tissues (P < 10 -3 ; using a permutation test on the difference in medians).
FIGURE 2
The proportion of genes within species-specific segmental duplications (y-axis), is plotted at different LR cutoffs (x-axis) for classifying genes as differentially expressed (DE) between species using the liver expression data (red circles). The proportion of genes within speciesspecific segmental duplications among genes that are not classified as differentially expressed (based on the different cutoffs) is plotted with blue crosses. The overall proportion of genes within species-specific duplications is shown by the dashed horizontal line. Similar plots using the kidney and heart expression data are available as supplemental Figures 3 and 4 , respectively. 
